This review covers normal expression of the NMDA receptor in the fetus and newborn, and then the response of the NMDA receptors within the central nervous system (CNS) during early development, to noxious stimuli. In the research setting, hypoxia is a commonly studied noxious stimulus that has been studied in a variety of contexts, including isolated hypoxia, or hypoxia combined with ischemia or hypercapnia, and delivered in single or repeated doses (intermittent stimuli). We review differences and commonalities between these experimental paradigms, and the sequelae of a common outcome, which is cell death, possibly through excitotoxic mechanisms. Finally, based on current literature, we will examine potential directions for clinical therapeutic interventions. By highlighting knowledge gaps in this field, we hope to encourage future research focusing on clinically relevant problems and outcomes in this area.
Introduction
Cellular functions within the brain are critically dependent on matching the rate of oxygen delivery with that of oxygen consumption, so that oxygen deprivation, whether acute or chronic, constitutes a noxious stimulus. Most protocols of limiting brain oxygen supply are designed to mimic specific clinical scenarios, although their unifying characteristic is cellular energy depletion causing loss of function of cellular adenosine tri-phosphate (ATP). Differences between the insults affects the rapidity of onset, the timing and adequacy of the re-oxygenation (energy restoration), and/or the clearance of other toxic cellular metabolites. Different studies also address different outcome measures, and may or may not include the study of neuroprotective strategies. Most commonly, the sequelae of these events are studied after a single insult, so this will be the primary focus of our review. Many clinical stimuli are intermittent, and the process of re-oxygenation may contribute to the detrimental effects of such a stimulus, so some recent experimental paradigms include examination of the sequelae of second and subsequent exposures to cyclical or repeated stimuli, where the likelihood of neuronal degeneration, neurological damage and/or death may be increased [1] . Although studies have looked at many diverse sequelae of such insults, the focus of this review is how these insults affect the N-methyl-D-aspartate (NMDA) neurotransmitter system within the developing (immature) brain.
A body of evidence exists to support the contention that noxious insults such as hypoxia and ischemia induce changes in NMDA receptor expression and function in the developing brain [2] [3] [4] [5] . This evidence includes fetal and neonatal insults, and is largely derived from animal models of brain injury during the perinatal period. The major role of the NMDA system in response to noxious insults is in excitotoxicity, which is a form of active cell death occurring as the result of excessive and abnormal activation by glutamate of NMDA receptors [6] .
Our focus in this review is on changes pertaining to the NMDA receptor in the developing brain after exposure to noxious stimuli that include hypoxia (hypoxia, hypercapnic-hypoxia (HH), or hypoxic-ischemia (HI)), or nicotine because of the relevance of the nicotinic receptor system to ventilatory and therefore hypoxic responses, as well as its purported role in the sudden infant death syndrome (SIDS), an area of research of particular interest in our laboratory.
The Developing Brain
In the perinatal period, the human fetus undergoes a critical period of brain development. This period corresponds to 6-10 postnatal days for rats and 2 weeks before to 4 weeks after birth in piglets. This critical period is defined by the peak rate of brain growth [7] , enhanced synaptogenesis [8] , and the developmental regulation of receptor populations [9] . One well-studied receptor population includes the glutamatergic ionotropic receptors: NMDA, ·-amino-3-hydroxy-5-methyl-4-isoxazole-4-propionate (AMPA) and kainite [9, 10] . In the human brain, NMDA receptor activity and expression increase in the infant period, whereas AMPA and kainate receptors are elevated during mid-gestation and decrease thereafter [9] . Thus, the newborn infant brain is more susceptible to NMDA-than AMPA-or kainate-mediated injury.
This critical period of brain development is also characterized by a high rate of regulated neuronal cell death, via apoptotic mechanisms [11, 12] . This cell death affects particular brain regions during specific developmental phases, and occurs in the brainstem during the perinatal period [13] , thalamus and other subcortical areas soon after birth [14, 15] and cortical areas in the first 2 postnatal weeks [15, 16] . Moreover, this cell death seems to be specifically regulated by caspase-3, a cysteine protease enzyme that initiates the apoptotic cascade, since caspase-3 mRNA is abundantly expressed in the fetal and infant cerebral cortex compared to the adult [17] .
Noxious Insults to the Developing Brain
The clinical results of cerebral insults to the fetus or infant may be focal or global, and include mental retardation, cerebral palsy, seizures, deafness and blindness, although for many, the timing and characteristics of the insult remains unknown [18, 19] . Vulnerability of the brain to NMDA-mediated injury shows regional (table 1) and age-related differences that could result in different patterns of neurodegeneration and neurobehavioral disturbance. Age-specific patterns of vulnerability can be observed in the neonatal brain after near-total asphyxia, and vulnerabilities of particular regions are thought to be due to their shared excitatory connections and the fact that they use glutamate as their neurotransmitter [20, 21] . In the neonatal human, HI predominantly affects systems that control tone and movement [22] , and magnetic resonance imaging (MRI) has revealed selective injury to the sensorimotor cortex, basal ganglia, thalamus and putamen following severe birth asphyxia in full-term infants [23] .
Experimental paradigms of noxious insults that affect the developing brain can be classified as follows:
1. Hypoxia -lower than normal oxygen content in the lungs, blood or tissue. Hypoxemia refers to low oxygen content in arterial blood; thus, tissue can be hypoxic even though there is no hypoxemia. Hypoxia is usually achieved by reducing inspired oxygen concentrations, but hypoxic-hypoxia is achieved by administration of carbon monoxide. In animal studies, it has been shown that compensatory cerebral autoregulation increases cerebral blood flow (CBF) and protects the brain tissue from a major fall in oxygen availability [24] . Where CBF is still close to normal, glucose supply to the brain is maintained.
2. Ischemia -markedly reduced or absent circulation. The two common experimental paradigms are: (a) global ischemia, where there is a reduction of arterial blood flow to the brain caused by cardiac arrest, shock, carotid occlusion or hypotension, and (b) focal ischemia, with reduced blood flow confined to the brain, or brain regions of interest. These model the clinical situations of seizures and/or cerebrovascular accidents. In severe ischemia (with tissue hypoxia), energy production is deficient due to the insufficient delivery of oxygen to brain cells, and it is associated with a fall in glucose levels and metabolic acidosis. These factors combine to cause exhaustion of cellular oxygen stores within 30 s, and of glucose and ATP stores within 5 min of onset [25] .
3. Hypoxic-ischemia (HI) -In clinical situations, severe hypoxia is often complicated by other physiological insults that counteract the homeostatic effect of cerebral vasodilation, including hypotension. This is mimicked in animals by combining vascular occlusion with hypoxia. With reduced circulation and hypoxia combined, cellular exposure includes hypoxia, hypercapnia (respiratory acidosis), hypoglycemia, and metabolic acidosis [26] . Clinical examples include cardiorespiratory failure, and perinatal asphyxia with bradycardia.
4. Asphyxia -for the purpose of this review, asphyxia is used to refer to the combination of hypercapnia and hypoxia. Whole animal exposure likely results in some accumulation of toxic metabolic products. Clinically, such asphyxial insults include sleep-related breathing disorders (e.g., obstructive sleep apnea), facial entrapment, or respiratory failure secondary to lung or neuromuscular disease. The cellular defects resulting from this insult are dependent upon the presence of hypoxia, since even at very high levels of hypercapnia without hypoxia (arterial carbon dioxide tension (PCO 2 ) of 90 mm Hg, with brain pH !6.90) changed energy state or gross or irreversible brain injury are not seen [27] [28] [29] . The presence of hypercapnia in the absence of circulatory compromise is likely to exacerbate hypoxia-related injury as in studies where maintenance of other substrates (e.g., glucose) exacerbates lactic acidosis and subsequent injury [26] . Asphyxia in this setting is distinct from definitions of neonatal asphyxia, which is really hypoxia-ischemia. In neonatal asphyxia, oxygen and substrate delivery are both compromised and levels of metabolic (lactic) acidosis are used to define the severity of the condition [30] .
5. Substances of abuse -systemic, or cellular exposure to toxins. The most commonly studied substances of abuse are ethanol (in relation to fetal alcohol syndrome [reviewed in 31, 32] ), nicotine, and opioids. Their effects during pregnancy appear to include fetal hypoxia by depleting hemoglobin oxygen stores available to the fetus [33] , although most clinical examples include mixed, and/ or multiple exposures to these substances.
NMDA Receptors
NMDA receptors are heteromeric complexes comprising of an NR1 subunit combined with one or more NR2 or NR3 subunits. There are at least 8 splice variants of the NR1 subunit (NR1A-NR1H) [34] , 4 genetically different NR2 subunits (NR2A-NR2D) [35, 36] and to date, 2 genetically different NR3 subunits (NR3A, NR3B) [37] . Although the NR1 subunit is an obligatory component of functional NMDA receptors, the NR2 subunits determine the biophysical and pharmacological activity of the receptor. Thus, the NR2 subunits determine the singlechannel conductance and kinetic properties, the time course of current deactivation, and the affinity and sensitivity for agonists and antagonists such as glutamate, glycine and magnesium (Mg 2+ ) [38] . The NR1 subunit is widely expressed throughout the CNS at all ages, but the expression profiles of the NR2 subunits in the brain are developmentally and regionally regulated [35] . For example, in the rat, NR2B and NR2D subunits predominate in the neonatal brain, but as development proceeds, they are supplemented with, or replaced by the NR2A and NR2C subunits in some brain regions [36, 39] . Furthermore, NR2A mRNA expression predominates in the cerebral cortex and hippocampus, while NR2B predominates in the forebrain, NR2C in the cerebellum and diencephalon and NR2D in the lower brainstem regions [35, 36, 40] .
Activation of the NMDA receptor is regulated by several distinct pharmacological binding sites, which include the following: (1) neurotransmitter binding site or recognition site that binds glutamate or NMDA, (2) co-activator site that binds glycine, (3) channel site that binds MK-801 in its open state, (4) voltage-dependent Mg 2+ site, (5) polyamine site that binds spermine and spermidine, (6) ifenprodil site, and (7) inhibitory divalent cation site that binds Zn 2+ [41] .
The NMDA receptor also has a cation-selective ion channel that gates Na + , K + and Ca 2+ ions. This channel is regulated by Mg 2+ , which serves to block Ca 2+ influx in a voltage-dependent manner [42] .
The influx of Ca 2+ appears to be the initiating step for biochemical processes responsible for both NMDA receptor-induced synaptic plasticity in the developing brain [43] and NMDA receptor-mediated excitotoxicity [44] .
NMDA Receptors in the Developing versus Adult Brain
Several characteristics of the NMDA neurotransmitter system make the NMDA regions of the immature brain particularly vulnerable to NMDA-mediated excitotoxicity after hypoxic insults [45] . First, during early development, brain NMDA receptor content and activity is high. Second, the functions of the NMDA system are important in the maturation and plasticity of developing neurons. Finally, changes in NMDA receptor configuration and affinity for its transmitters after exposure to noxious stimuli increase the risks for specific 'NMDA-mediated' sequelae (particularly excitotoxicity).
In the developing brain, NMDA receptor activity is high compared to the adult brain [46] [47] [48] . Main features of NMDA receptor activity specific to the developing brain as compared to the adult include: lower sensitivity to the channel block by Mg 2+ , higher sensitivity to glycine, differential modulation by polyamines, increased calcium influx through the receptor channel, longer duration of the excitatory postsynaptic potentials (EPSPs) after receptor stimulation, and enhanced ability to induce markers of synaptic plasticity such as long-term potentiation (LTP) [49] [50] [51] . All these differences have led to the proposal that the role of the NMDA receptor in regulating brain development is through activity-dependent rather than experience-dependent mechanisms [52, 53] .
Receptor-binding studies and immunohistochemical localization of the subunits indicate that the expression and number of NMDA receptors are also greater in the developing than the mature brain. In the human brainstem, NMDA receptors are not expressed during the fetal period but increase to a peak during the infant period and decrease thereafter [9] , with similar patterns observed in the human frontal [54] , temporal [55] , and prefrontal [10] cortex.
Role of the NMDA Receptor

Under Normal Conditions
NMDA receptors have a direct role in neuronal proliferation [56, 57] , migration [58] [59] [60] , synaptic plasticity [52, [61] [62] [63] , and injury. The role of NMDA receptors in excitotoxicity and synaptic plasticity in the developing brain has been reviewed in detail elsewhere [61] . Functionally, NMDA receptors are highly expressed in brain regions that control respiration [64, 65] , feeding and related physiological functions [66] [67] [68] , learning and memory [66, 67, 69] , and pain perception [70] .
The role of the NMDA receptor in neuronal proliferation (neurogenesis) was determined pharmacologically in some brain regions. Blocking NMDA receptors with daily injections of the antagonist MK-801 for 3 days in the 2-day-old rat resulted in a significant increase of cell birth in the dentate gyrus [56, 57] , while activation of NMDA receptors resulted in decreased proliferation of the granule cells of the dentate gyrus [71] .
Recent studies have identified a role for the NMDA receptor in neuronal migration. Migration (maturation) of postmitotic neurons from where they were generated to their final destination, before differentiation and synaptogenesis, is a central event in brain development [59, 60] . Migrating cortical neurons possess functional NMDA receptors before they undergo synaptogenesis [72] , and pharmacological studies have shown that blocking of NMDA receptors in cerebellar slices, or increasing magnesium concentrations in the medium, slows the rate of granule cell migration. Confirming that NMDA is integral to this process, the rate of migration was increased if magnesium was removed, glutamate increased, or exogenous glycine was added to the medium [58] . Patch clamp studies show that the migrating granular cells have higher functional NMDA receptor content compared to premigratory neurons [73] . Similarly, in cortical slices from the rat and mouse, NMDA receptor activation stimulates neuronal migration [74, 75] .
Synaptic plasticity (synaptogenesis) is the key factor in shaping the wiring pattern of the brain, and is responsible for the mechanism of learning and memory [62, 63, 76] . Direct injections of NMDA into the occipital cortex of 8-day-old rats (age at which there is a peak vulnerability to both NMDA injections and HI [61] ) resulted in an increase in synaptic density (number of synapses) [62] . Conversely, NMDA receptor blockade resulted in a decrease in the total number of synapses [63] , and was associated with deficits in learning and memory [77] , thus confirming an important role of the NMDA receptor in synaptogenesis. Currently, the two most studied examples of synaptic plasticity are LTP (a long-lasting increase of synaptic efficacy consequent to a short stimulation with high frequency bursts [78] ) and long-term depression (LTD; the opposite of LTP and refers to a long-lasting decrease of synaptic efficacy following a high frequency stimulation [79] ).
Waters/ Machaalani   Fig. 1 . Hypothesized time sequence of events after a single or continuous noxious insult (assuming translational processes are still normal). Immediately after the insult, changes in NMDA receptor mRNA occur and translate into protein changes. The formation of functional NMDA receptors is disrupted within hours and translates into an alteration of the NMDA receptor activity (usually increased) that could last for days. Excitotoxic mechanisms are induced and result in cell death and loss that is experimentally visible within hours to days. The ultimate consequence of the noxious insult is physiological compromise and/or death (weeks to years). Fig. 2 . Schematic representation of the major events triggered in a neuron after hypoxic insults. The noxious insult activates the NMDA receptors located in the external membrane of certain neurons. As the insult progresses, the receptors become overstimulated (excitotoxic) causing an excessive influx of calcium through the cation selective ion channel. Increased intracellular calcium activates a number of enzymes (proteases) in the cytoplasm, of particular note caspase-3 which is an initiator of the caspase cascade, with the final result being cleavage, degradation and/or fragmentation of chromosomal DNA and thus, death of the neuron. Crosses indicate possible sites of therapeutic intervention to prevent NMDA-mediated cell death after noxious insults.
Under Pathological Conditions
Much attention has been paid to changes in the NMDA receptor under noxious conditions since the identification of the process known as 'excitotoxicity', an excessive and abnormal activation of glutamate receptors leading to cell death [6] . While this process is not specific to the NMDA-glutamatergic system, the NMDA receptor is the predominant excitatory neurotransmitter system involved in this process. The final outcomes of hypoxia induced and NMDA-mediated brain injury may take a few hours and days to present ( fig. 1 ) and are often determined by the events that arise during the period following the insult. For example, brain injury in infants who suffer from birth asphyxia, is associated with a period of encephalopathy with seizures, reduced level of consciousness and poor feeding within hours and days of the insult [80] [81] [82] .
Cell Death
During and/or after hypoxic exposures, a cascade of events is triggered (schematically represented in fig. 2 ) including an increase in extracellular glutamate that results in the overactivation of the NMDA receptors, and calcium entry into cells causing increased intracellular Ca 2+ , and activation of proteins (e.g., caspase-3) that lead to cell death (apoptosis or necrosis).
Whether the resulting cell death is apoptotic or necrotic in type depends on the duration and intensity of the initiating insult and the age of the neuron. In vitro and in vivo studies in the CNS suggest that a mild excitotoxic insult leads to transient mitochondrial depolarization and reversible energy compromise with cellular apoptosis. More intense injuries produce irreversible mitochondrial depolarization and permanent energy collapse with cellular necrosis [44, 83] . There are also age-associated influences on these processes, since apoptotic death predominates amongst immature neurons whilst necrotic death predominates amongst mature neurons. Although these are usually represented as completely distinct phenomena, recent studies suggest that some cells undergo a hybrid form of cell death with features of both apoptosis and necrosis [84] . In addition, the cell death process is transient, commencing approximately 30 min after NMDA 'Confirmation' = Confirmation of tissue hypoxia. ATP = Adenosine tri-phosphate; FiO 2 = fractional inspired oxygen concentration; mm Hg = millimeters of mercury; PaO 2 = arterial oxygen tension; PaCO 2 = arterial carbon dioxide tension; PCr = phosphocreatinine; SaO 2 = arterial oxygen saturation. receptor overstimulation and depending on the severity of the insult and brain regions studied, it can be observed as soon as 1 h after the insult and for days thereafter ( fig. 1) .
In young developing piglets, it has been found that cell death tends to occur in brain regions with a high basal NR1 expression in the brainstem after hypercapnic-hypoxia (HH) [85] , and in the caudate and putamen after HI [86] .
Animal Models Used to Study Changes in NMDA Receptors
The majority of studies that focus on delineating the mechanisms of brain damage induced in the human infant by noxious insults are undertaken in isolated cellular preparations, or in animal models. Various animal models of hypoxic, asphyxic, and hypoxic-ischemic (HI) brain injury have been developed and used for the study of the NMDA system. Those of relevance to this review are summarized in table 2.
Experimental techniques commonly employed to study the expression of NMDA receptors focus on the localization and distribution of subunit mRNAs and/or proteins, and include immunohistochemistry, in-situ hybridization, polymerase chain reaction, or receptor binding. Expression of NMDA subunits, or function of the NMDA receptors, varies in response to noxious stimuli (increase, decrease or no change), but these differences may be explained by the fact that subunit expression does not always guarantee the presence of functional NMDA Waters/Machaalani receptors, so a change in expression cannot be taken to infer a change in function. Nonetheless, changes in expression after a noxious insult provide information regarding alterations in activity and disturbances in regulatory processes (translational regulation), particularly when mRNA and protein are studied simultaneously. Expressional changes of the NMDA receptor after noxious insults during development are reviewed below and summarized in table 3.
Experimental techniques for studying receptor function include receptor binding, receptor blockade, and receptor activation. Binding characteristics include the number of receptors (B max ) and the binding affinity of the receptors (K d ). The phosphorylation state of receptor proteins also provides information of receptor function since functional activity of the NMDA receptor is regulated by phosphorylation [87] [88] [89] [90] . Functional changes of the NMDA receptor after noxious insults are reviewed below and summarized in table 4.
Hypoxia
Studies to date have predominantly investigated functional changes in the NMDA receptor, and no changes have been found in receptor expression, after hypoxia. However, NMDA receptor function is clearly affected by hypoxia. In the newborn, hypoxia induces a reduction in the total number of NMDA receptors, but more variable changes in receptor binding. The regional and age-dependent variability in receptor binding can be explained by differences in the response of the NMDA receptor subunits. Some findings can be explained by either increased NMDA ion-channel-binding sites, or decreased numbers of NMDA receptors.
Expression: In the newborn piglet model of postnatal hypoxia, 1 h of hypoxia has no effect on NR1, NR2A and NR2B protein levels in nine brain regions, including the frontal, parietal and temporal cortices, thalamus, hypothalamus, hippocampus, white matter, basal ganglia and cerebellum [91] .
Function: Prenatal hypoxia resulted in a decrease in the number of NMDA receptors [90] , decreased glutamate-and glycine-dependent activation of the NMDA receptor, and increased spermine-dependent receptor activation [93] . Postnatal hypoxia increases NMDA receptor affinity for the antagonist MK-801 in the piglet cortex [2] , but decreases it in several brain regions of the infant rat, including the hypothalamus, amygdaloid nuclei, entorhinal cortex, perirhinal cortex and hippocampus [3] . Postnatal hypoxia also induced an increased affinity for glutamate [2] , Mg 2+ [94, 95] , and for the antagonist, CPP (3-(2-carboxypiperazin-4-yl)propyl-1-phosphonic acid) [96, 97] , and reduced the numbers of glutamate [96, 98] and CPP-binding sites [96, 97] . Subunit-specific increases in nitration of the NR1, NR2A and NR2B have also been reported [99] .
Hypercapnic-Hypoxia: Asphyxia
Expression: Intermittent exposure to hypercapnic-hypoxia (HH) induces changes in NR1 mRNA, and protein.
In infant piglets, NR1 mRNA and protein are widely distributed in the brainstem at the level of the medulla and staining was localized to the cytoplasm (both mRNA and protein) and nucleus (mRNA only) ( fig. 3, 4) [5] . Exposure to intermittent HH induced an increase in NR1 mRNA in three nuclei of the medulla, associated with a decrease in NR1 protein in one of the same three nuclei. The affected nuclei have functional roles in cardiorespiratory control, and in the same animal model we have documented alterations in ventilatory responses [100] , so we postulate that the NMDA receptor changes are linked to the functional compromise.
Hypoxic-Ischemia (HI)
Expression: Intrauterine HI induces sustained effects on NR1 mRNA levels during infancy. After intrauterine HI in rats, mRNA for NR1 was decreased in the cortex at 1 day, and in the hippocampus at 4, 8, and 30 days of age [101] . NR1 protein was also decreased in the hippocampus, with no changes in the NR2A-D subunit.
Postnatal HI induced an increase in NR1 protein in the caudate and putamen in the newborn piglet as well as increased NR2B expression, with no change in NR2A [86] . In the infant rat, immediately following an HI insult, NR2B decreased in the forebrain while tyrosine phosphorylation of NR2B increased. After 1-24 h recovery, NR2A decreased, whereas NR1 was unchanged (immediately and after recovery) [102] .
Function: After intrauterine HI, binding affinity of the NMDA receptor to MK-801 was reduced in the hippocampus of infant rats, although the number of binding sites was not changed [101] . HI also increased phosphorylation of the NR1 protein in the caudate and putamen of newborn piglets [86] and of NR2B in the forebrain of the infant rat [102] .
Substances of Abuse -Nicotine
Expression: Nicotine produces a selective increase in the NMDA receptor portion of the EPSP by over 100% with no change in the non-NMDA portion [103] . Only one study has examined the effects of chronic postnatal nicotine exposure on the NMDA receptor [104] . NR2A and NR2B mRNA expressions were studied in the auditory forebrain before and after nicotine exposure in 8-to 12-day-old rats. Two days of exposure produced no effects, but after 5 days, NR2A mRNA was increased in the cortex and NR2B mRNA was decreased in the thalamus [104] .
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NMDA Receptor Changes in Human Infants
SIDS is the leading cause of death among infants less than 1 year of age in developed countries and occurs in approximately 1-2 infants per 1,000. Victims of SIDS die suddenly during a sleep period, the cause of which remains unknown, although many hypotheses implicating hypoxic mechanisms exist [105] . The majority of infants dying in this manner have autopsies, and so brain tissue is available for study. Compared to infants dying from a known cause, infants dying from SIDS showed increased NR1 mRNA in 6 of 8 brainstem nuclei [106] . However, this increased NR1 mRNA expression only translated to increased protein expression in one of the six nuclei. These results suggest that the NMDA receptor is altered in SIDS infants, but further studies will be required to determine whether there are indications of associated functional changes in the NMDA receptor.
Acute perinatal asphyxia resulting in hypoxic-ischemic encephalopathy (HIE) occurs in approximately 2-4 per 1,000 live term newborns and leads to disabling neurological disorders in 20-30% of affected neonates [107] . MK-801 binding was studied and compared between newborn infants that had died with HIE after birth asphyxia and a control group of newborns who had died from causes unrelated to brain injury [108] . Of the four cortical regions studied (prefrontal, motor, occipital and temporal) asphyxiated infants showed an increased response to glutamate only in the temporal cortex. The severity of hypoxia did not correlate with the level of change in MK-801 binding.
Therapeutic Interventions
Regarding the responses to the noxious stimuli reviewed above, the two main options available for therapeutic intervention, and of likely potential, are NMDA receptor blockade and inhibition of caspase-3 activation, or a combination of both [109] . NMDA receptor blockade has been extensively explored as a neuroprotective mechanism against noxious insults to the brain, but it is important to note that NMDA receptor blockade under normal conditions can exacerbate neuronal cell death [44] .
Limitations exist on the use of NMDA antagonists during early development, because of their documented or potential side effects. The use of NMDA receptor blockade as therapeutic intervention, requires knowledge of the regulational factors listed above (primarily age, timing and duration of the insult, resulting damage, and brain region affected), with ongoing observation and research to determine how interactions with other neurotransmitter systems affect the response.
Clinical studies in early development are thus far limited to NMDA receptor blockade via magnesium compounds. In human neonates, MgSO 4 is seen as a promising therapeutic agent, with neuroprotection greatest after 26 weeks' gestation and up to early infancy. Higher doses are required during early development than in older animals [10] . Epidemiological studies suggest that MgSO 4 taken by mothers with pre-eclampsia during pregnancy reduces the incidence of cerebral palsy in low-birthweight infants [110, 111] . A clinical trial in 15 full-term infants with severe, acute asphyxial injury evaluated two doses of MgSO 4 (250 vs. 400 mg/kg) and found dosedependent respiratory depression, with an unacceptable risk of hypotension at the higher dose [112] . Results in animal models have been equivocal. For example, MgSO 4 in three doses (400 mg/kg 1 h after resuscitation and 200 mg/kg at 12 and 24 h) was not neuroprotective in piglets after HI, as indicated by the still present damage (apoptosis and necrosis) in the cerebral cortex [113] and the continuing cerebral energy failure [114] . In contrast, neuroprotection was observed when piglets receiving MgSO 4 before and during hypoxia (600 mg/kg over 30 min followed by 300 mg/kg during 60 min of hypoxia), whereby NMDA receptor number and affinity in the cerebral cortex was preserved [115] , and the 2-fold increase in Bax:Bcl-2 ratio was prevented [116] .
Animal studies have also shown that the high-affinity antagonist MK-801 has the potential for neuroprotection, but in contrast to MgSO 4 , it is associated with increased mortality, induces seizures, and may interfere with learning [117] . For example, MK-801 offered effective neuronal protection in rats when given within 2 h after the insult. Injury associated with HI was reduced by 53%, but there was an associated 5-fold increase in mortality [118] . There is also evidence of direct toxicity from NMDA antagonists including MK-801, ketamine and CPP. Administered in the absence of any other noxious insult these agents can induce neuronal injury, with evidence of massive apoptotic neurodegeneration in several brain regions of 7-day-old rats [44] . Neurodegeneration induced by NMDA receptor blockade has also been shown to induce deficits in hippocampal synaptic function, and persistent memory/learning impairments [119] . This may have other clinically important implications, because the routine use of sedatives, anticonvulsants and anesthetics in obstetric and pediatric medicine can have the effect of NMDA receptor blockade. Pharmacological studies are therefore being directed towards newer, low-affinity Waters/Machaalani NMDA receptor channel blockers that have wider therapeutic windows than MK-801, and clinical studies have been undertaken in adults, for example with memantine in Alzheimer's disease [120] .
Conclusion
The glutamatergic system, predominantly the NMDA receptor, has important functions in the perinatal period regarding neurodevelopment. However, the characteristics of the transmitter system at this critical developmental period also mean that there is enhanced vulnerability to excitotoxic damage after exposure to noxious insults. Experimental evidence shows that hypoxia, hypoxia-ischemia, or intermittent asphyxia during early development induces expressional and functional changes in the NMDA receptor and for some, also neuronal cell death. Further evidence of the effects of re-oxygenation or re-perfusion will be required to evaluate potential therapeutic targets within these paradigms of neuronal injury. Therapeutic options are currently limited in the clinical setting because any protective effects of the NMDA antagonists are coupled with currently unacceptable risks for damage to neurodevelopmental processes.
